ABSTRACT: We propose a simple theoretical formula for describing the refractive indices in binary liquid mixtures containing salt ions. Our theory is based on the Clausius−Mossotti equation; it gives the refractive index of the mixture in terms of the refractive indices of the pure liquids and the polarizability of the ionic species, by properly accounting for the volume change upon mixing. The theoretical predictions are tested by extensive experimental measurements of the refractive indices for water−acetonitrilesalt systems for several liquid compositions, different salt species, and a range of salt concentrations. Excellent agreement is obtained in all cases, especially at low salt concentrations, with no fitting parameters. A simplified expression of the refractive index for low salt concentration is also given, which can be the theoretical basis for determination of salt concentration using refractive index measurements.
I. INTRODUCTION
The refractive index, n, defined as the ratio of the speed of light in vacuo c 0 to the speed of light in the material c, is one of the most fundamental properties of pure liquids and their solutions and has been measured and interpreted since the early 19th century. 1−4 This optical property can be measured for a small amount of sample in wide ranges of temperatures and pressures with high precisions 5−7 (typical errors are nowadays less than 10
) and contains information about intermolecular interactions; 8−10 it is also closely related to other electrical and thermophysical properties, such as dielectric permittivity, 11, 12 density, 13−15 and surface tension. 16, 17 Therefore, some solutions, whose properties are otherwise difficult to measure directly, can be more easily identified by knowing their n values. With many current and potential applications of solvent mixtures in analytical chemistry 18−20 and industrial processes, 21−24 such as the design of biological environments 22, 23 and the search for greener liquid media, 24 the subject is receiving renewed interest both theoretically 25−28 and experimentally. 29−35 The refractive index reflects the polarization of the molecules by the electromagnetic field of the light. 36−38 For liquid mixtures, a number of mixing rules for the refractive index of a mixture n in terms of the refractive indices of the pure components n i have been proposed. The simplest is a direct volume fraction average of the refractive index of each component n i , known as the Arago−Biot equation 
All these mixing rules use the nominal volume fractions. For many solutions such as water−acetonitrile mixtures, the excess volume (the volume change per mole upon mixing) can be substantial, 41 as shown in Figure 1a . The excess volume reflects the physical and/or chemical interactions between components in the mixture. In fact, n and the excess molar volume V s E values are often reported together. 42−49 The Gladstone−Dale equation
where ϕ i ′ = V i /V, with V denoting the actual volume of the mixture, accounts for the effect of volume change upon mixing. The most systematic mixing rule is the Lorentz−Lorenz equation, 36 based on an argument that led to the Clausius− Mossotti equation for the dielectric constant of polarizable molecules which assumes ideal mixing of the polarizability. The Lorentz−Lorenz equation reads
It can be easily seen that the Gladstone−Dale equation follows from the Lorentz−Lorenz equation if the solution is dilute or the refractive indices of solute and solvent are close to each other. For the water−acetonitrile system, the Lorentz− Lorenz equation fits the data nearly perfectly, as shown in Figure 1b . The Gladstone−Dale equation also fits the data quite well. All the mixing rules mentioned above have been used to interpret experimental data for liquid mixtures to varying degrees of success 30−34,50−54 and their interrelationships have been discussed by Heller. 13 Although the Lorentz−Lorenz equation has been widely employed to successfully interpret the refractive indices of liquid mixtures, 52, 53 we are not aware of its generalization to liquid mixtures containing salts. In particular, water−acetonitrile-salt (WAS) mixture is an excellent extractant that is widely used in biomedical and industrial applications and has attracted much attention in recent years. 23,55−62 For instance, salting-out induced liquid−liquid extraction based on the WAS system has been used in quantitative analysis of fluoroquinolones in water, food and biological matrices, 23 benzimidazole fungicides in high salinity samples, 57 pesticide residues in foods, 58, 59 and caffeine content in cocoa. 60 The WAS system has other attractive features, such as easy recovery and high thermal stability. 61, 62 Characterizing and understanding the light refractive properties of the WAS system will provide useful information that can be exploited in its applications.
In this paper, we provide a simple theoretical formula for the refractive index of liquid mixtures containing salt ions by generalizing the Clausius−Mossotti equation for mixtures of neutral molecules to include the contribution of the salt ions. The theory considers the connection between the macroscopic refractive index of the mixture and the microscopic polarizabilities of the molecular and ionic species involved and takes into account the nonideality of the mixture only through the volume of mixing that can be independently measured. The theoretical predictions are tested by extensive experimental measurements of the refractive indices for water−acetonitrilesalt systems for several liquid compositions, different salt species, and a range of salt concentrations. We find excellent agreements between the measured and predicted refractive index results. Within experimental accuracy, the measured refractive indices show good linearity with the salt mole fraction x salt in the mixture over a fairly wide range in salt concentration. Therefore, we also present a simplified version of our general formula to linear order in x salt .
The rest of this paper is organized as follows. In Section II, we present the key concepts and mathematical details in the theoretical derivation and give a general expression for the refractive index and its corresponding linearized version in salt concentration. In Section III, we describe the materials and methods used in the experimental measurements. Results are presented and discussed in Section IV, where we provide values of the refractive indices of the WAS mixtures for three liquid compositions and four different salts as functions of the salt concentration and compare with the theoretical predictions. We conclude in Section V with some concluding remarks and outlook.
II. THEORY
From the Maxwell equations of electromagnetism, the refractive index n of a substance is related to the substance's relative permittivity ε and relative permeability μ at optical frequencies through εμ = n . 37, 38 As the mixtures in this work are nonmagnetic, μ is very close to 1, and therefore ε = n 2 . 37, 38 The relative permittivity relates the polarization P of the system at optical frequencies with the Maxwell field E through the following relation:
with ε 0 denoting the permittivity of the vacuum. The polarization of a general system is the result of three physical mechanisms in response to an electric field: the displacement of the center of the electronic charge on the species (solvent molecules and ions for the systems studied here), cation and anion motions in opposite directions, and orientation of the molecular permanent electric dipoles. 63, 64 These three different polarization processes respond to electric field at different timescales. Both the translational motion of the ions and the orientational motion of permanent dipoles occur on timescales much longer than the reciprocal of the frequency of visible light. Consequently, polarization from these degrees of freedom has little response to the fast-varying electric field of the light wave in the visible spectrum. 65, 66 Therefore, at optical frequency, we write the polarization P as the density of the sum of induced dipole moments of all particles as
where ρ k denotes the number density of the kth kind of particle in the mixture, and α k is its polarizability. E′ k is the average local field acting on the kth kind of particles, which is defined as the average total electric field at the position of the particle minus the field due to the particle itself. The product α k E′ k gives the average induced dipole moment of the kth kind of particles. By the same consideration that the high-frequency electromagnetic field does not contribute to the structural reorganization in the mixture, the distribution of the ions remains spherically symmetric around each moiety (ions or molecules), and thus the ionic charges do not contribute to the average local field; similarly, because of the lack of orientational organization among the permanent dipoles, the permanent dipole moments of the solvent molecules do not affect the local field at the optical frequencies. From these arguments, we obtain the simple, intuitive picture that the local field on a particle is due solely to the induced dipole moments on all other particles in the system and the applied electric field. The local field is then calculated using the well-known Lorentz equation, which approximates the local field by the field inside a virtual spherical cavity in a uniformly polarized medium 37, 38 
We note that the local field is independent of the size of the virtual cavity and the particle type.
Substituting eqs 8 and 9 into eq 7, we obtain
which reduces to the Clausius−Mossotti equation for a onecomponent system. The polarizability of a liquid component can be easily calculated from the refractive index of the pure liquid by applying eq 10 to a one-component liquid system. For the ions, however, it is not clear whether the refractive index of an ionic crystal provides a reasonably accurate indication for the polarization response of the solvated ions; it is more appropriate to consider the ionic polarizability directly in our theory. To this end, we separate the liquid and the ionic contributions on the right-hand side of eq 10 as 
where n j and ρ j (0) are the refractive index and the number density for the pure jth component of the solvent.
Although the polarizabilities of ions in the gas phase and in the solid phase are readily available, 67, 68 accurate values for the polarizabilities of the solvated ions are difficult to obtain. In particular, a range of values for anion polarizabilities in the solution phase have been reported. For example, some studies suggest that the anion polarizabilities in solution are appreciably reduced with respect to their gas-phase values, 69−72 whereas others argue that the anion polarizabilities are practically unchanged upon solvation. 73, 74 However, it is generally agreed that the ion polarizability in solution is in between its values in the crystalline phase and in the gas phase, as the overlap of electronic structures and the confining potentials imposed by surrounding species in the solution phase are intermediate between the gas phase and the crystalline phase. 72, 75 Therefore, as the simplest approximation, we approximate the polarizability α i of a solvated ion by averaging its gas-phase polarizability α i (g) and crystalline-phase polarizability α i
)/2. For the monovalent salts considered in this work, we have ρ + = ρ − = ρ salt . Moreover, the sum α + (c) + α − (c) for the ions can be calculated from the crystalline refractive index n c using the Clausius−Mossotti equation. As such, the expression for mixture index of refraction, eq 11, can be further simplified as 
where ρ c and n c are respectively the number density and the index of refraction for the crystalline phase of the salt. The quantities involved in the evaluation of α salt are tabulated in Table I . We note that the ρ j and ρ salt appearing in eq 12 are the actual number density of the species in the solution; thus, any volume change upon mixing is automatically included. As the focus of our work is on the salt effects on the refractive index, and as the Lorentz−Lorenz equation has been shown to give an excellent description of the refractive index of liquid mixtures, we will take the refractive index n sol of the saltfree liquid solution as known and given, and derive an (14) We describe the composition of the solvent by c j , the mole fraction of the jth liquid component in the salt-free solvent, given by ρ ρ = ∑ c j j j j (15) Because the volume of a system is a more directly measurable quantity in the experiments, we work with volume quantities rather than densities. Here, we define three volume quantities for the mixture: the molar volume of each liquid component 
Therefore, eq 18 can be written as 
where
is the key result of this work. It gives a simple expression for the refractive index of a liquid mixture with added salt in terms of the refractive index of the salt-free solution, the liquid composition, the salt concentration, and the volumes of the salt-free solution and of the final mixture.
In the limit of low salt concentrations, the volume of the solution can be written as
where we have ignored terms of order x salt 2 and higher. It can be easily seen that the combination γ′V s is just the infinite dilution limit of the partial molar volume of the salt V salt
. The x salt 3/2 term arises from the Debye−Huckel corrections. Although theoretically η should be purely a solvent property, experimentally its value has been shown to depend on the salt type, 76 ,77 so we treat it here as a fitting parameter. Although fitting the volume data using eq 21 yields accurate values for V salt ∞ for pure water, our results agree well with reported literature values 77 (see Supporting Information)the resulting expression for the refractive index with these two fitting parameters is rather cumbersome; there is no advantage to using the full expression eq 20. For low salt concentrations (x salt < 0.04), both the volume and the refractive index data exhibit very good linearity with x salt . Thus, we are interested in developing the limiting linearized expression for the refractive index. To this end, we fit the volume of the salt−solvent system using the simpler linear relationship
Because of the finite range of the salt concentration and experimental errors, the value of γ fitted from measurements can be different from γ′. Substituting eq 22 into eq 20 and expanding the resulting expression to linear order in x salt , we obtain the following simplified expression for low salt concentration: = + n n Kx sol salt (23) with the slope K given by (24) We see that the rate of change of n with respect to x salt depends on the salt polarizability α salt , the rate of change in volume γ, as well as the refractive index of the salt-free solution.
III. EXPERIMENTS A. Chemicals. Anhydrous acetonitrile (Aladdin, H 2 O: 20− 30 ppm) was distilled with calcium hydride (CaH 2 , Sinopharm Chemical Reagent, 97%) before use. Water was obtained from deionized and double-distilled water. Sodium chloride (NaCl, Vetec, 99.0%), sodium bromide (NaBr, Vetec, 98.0%), potassium chloride (KCl, Vetec, Sigma, 99.0%), and potassium bromide (KBr, Vetec, 99.0%) were of analytical grade and were not purified further. All mixtures were prepared by weighing the masses, with uncertainty ±0.0001 g due to evaporation.
B. Measurements. The densities of the mixtures were measured with a precision of 0.001g/cm 3 using an DAH-OMETER digital densitometer at a fixed temperature of 25°C. The densitometer was carefully calibrated periodically with double-distilled water at 25°C. The sample was kept in a heated water bath at 25°C (Thermo HAAKE SC150-A5B circulating water bath with the digital temperature control unit 
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Article to maintain the required temperature within ±0.1°C) before being taken out for density measurement, which was made in an air-conditioned room at 25 ± 0.5°C. The measurement time was less than 1 min. The densities of the water− acetonitrile mixture at mole fractions c ACN = 0, 0.018, 0.128, and 1 are, respectively, 0.997g/mL, 0.991g/mL, 0.950g/mL, and 0.786g/mL; their corresponding V s are 18.074 mL/mol, 18.594 mL/mol, 22.065 mL/mol, and 52.899 mL/mol. The volume of the solutions as a function of the salt concentration is given in Figure 2 . All measurements were made at atmospheric pressure.
The refractive indices n of the studied solutions were measured at a fixed temperature of 25°C and ambient pressure using a thermostatic digital Insmark IR120plus refractometer at the wavelength of the D-line of sodium, 589.3 nm. The precision of the measurements is estimated to be ±0.0001. The refractive index measurements were performed after the liquid mixtures and salt solutions reached thermostatic equilibrium at 25°C in the refractometer cell. The temperature was controlled by circulating water into the refractometer through the same water heat bath. The data reported were results of averaging over three independent samples.
IV. RESULTS AND DISCUSSION
We first measure the molar excess volume of the water− acetonitrile mixtures at zero salt concentration, V s E = V s − ∑ j c j V j (0) . The data are shown in Figure 1a , and the corresponding refractive index, n, is shown in Figure 1b . Also shown for comparison in Figure 1a are data taken from the literature. 78, 79 In all cases, the agreement with previous literature data is excellent. The water−acetonitrile mixture shows a negative deviation (V s E < 0) for all mole fractions, going through a minimum at c ACN = 0.31. Such a large negative excess volume indicates that the water−acetonitrile system deviates significantly from an ideal mixture, most probably due to effects of complex interactions in the mixture, such as hydrogen bonds. As shown in Figure 1b , there is remarkable agreement between the experimentally measured refractive indices and the theoretical values calculated by Lorentz−Lorenz equation, suggesting that the essential physics in the refractive index of this mixture has been well captured by the assumptions leading to the equation. Specifically, as Lorentz−Lorenz equation assumes no change in the molecular polarizability upon mixing, the excellent agreement suggests that the interactions between solvent molecules indeed cause no appreciable changes to the molecular polarizabilities of the solvents. The Gladstone−Dale equation also fits the data reasonably well because the refractive indices between water and acetonitrile are not very different. All the other mixing rules in eqs 1−4 fit the data rather poorly except very close to the pure component compositions. We also note a strong (anti)correlation between V s E and the excess refractive index n E = n − ∑ j c j n j ; 7,80 such relationship has been found in earlier experiments 7, 25, 32, 80 and can be understood from the density dependence in the refractive index (see eq 10).
To study the effects of salt on the refractive index using eq 20, we first examine the volume change to the liquid solution upon addition of salt. Figure 2a ,b,c shows V ss /V s for the three liquid compositions c ACN = 0, 0.018, and 0.128 for the four different salts studied in this work. For each liquid composition, the volume expansion is the most for KBr and is the least for NaCl. This can be easily understood by the fact that the size of K + is larger than that of Na + and the size of Br − is larger that that of Cl − . However, we note that the order does not exactly follow that for the polarizability of the salts in Table I . Comparing between the different liquid compositions, we see that the volume change in pure water is the largest and decreases with increasing acetonitrile content. Another observation is that for a given anion, the difference in the volume change between different cations decreases with increasing c ACN , whereas for a given cation, the difference in the volume change between different anions increases with increasing c ACN . All these trends reflect the complex interactions between the ions and the different liquid components in the solution. For low salt concentration, V ss /V s shows good linearity with x salt . This is more clearly demonstrated in the insets of these figures. From the slopes of these lines, we obtain γ and list its values for the different salts and different liquid compositions in Table II . For reference and comparison, we Using the volume data given in Figure 2 and the polarizability of the ions given in Table I , we calculate the refractive index n using eq 20 and compare with the experimentally measured values in Figure 3 . For the four different salts studied, NaCl, NaBr, KCl, and KBr, the curves are seen to fall into two groups, that of the bromide salts and that of the chloride salts, with the refractive index clearly larger for the bromide salt solutions. Within each group, the identity of the cation appears to have little effect, in spite of the fact that both the polarizability and the volume change between the sodium and potassium salts for the same anions are quite different. This is likely due to cancellation between two competing effects: the more polarizable K + ion gives a direct contribution toward increasing the refractive index but at the same time also decreases the density of the components more in the solution, thereby indirectly decreasing the refractive index. Closer inspection shows that the NaBr solution has the largest refractive index, whereas KCl solution has the smallest, even though the most polarizable salt is KBr and the least is NaCl. Thus, both the polarizability of the ions and the volume change are equally significant factors influencing the refractive index of the salt solution.
For all the four salts and the three different liquid compositions, the theoretical curves fit the experimental data very well, especially at lower salt concentrations, validating our assumption of ideal mixing of the polarization of the species at the liquid compositions and salt concentrations studied. The slight downward trend with salt concentration is also captured by the theory, which is caused primarily by the upward trend in the volume (see Figure 2) . The agreement deteriorates slightly at higher salt concentrations or acetonitrile content, but given the simplicity of the theory, the agreement is quite satisfactory. Both the experimental data and the theoretical curves in Figure  3 show good linearity with salt concentration. Therefore, it is of interest to compare the data with the predictions from the linearized expression for n, eq 23, using the values of γ and K given in Tables II and III . Such a comparison is shown in Figure   4 . Interestingly, the overall agreement between the theoretical predictions and the experimental data is even better using the approximate expression eq 23. This probably reflects some compensation effect: because the full expression is an approximation based on the assumption of ideal mixing of the polarizability of the components, linearization may have led to cancellation of errors in the full expression.
V. CONCLUSION AND OVERLOOK
We have proposed a simple theory to describe the refractive index of salt solutions with mixed solvent using the knowledge of the refractive index of the pure liquids and the polarizability of the ions, as well as the volumetric data of the mixtures, which can be measured independently. The theory is tested by direct measurements of the refractive index for four halogen salts in water and acetonitrile at three different liquid compositions. Excellent agreement is observed in all cases, with the simplified expression yielding slightly better fit numerically. This agreement suggests that once the nonideality is taken into account through the excess volumes in the mixture, the contributions from the polarization of the different species in the solution are essentially additive, as assumed in the theoretical derivation.
For the four salts studied in this work, NaCl, NaBr, KCl, and KBr, our results show that the refractive index for the solutions is primarily determined by the anion, the larger anion resulting in larger refractive index. This is so in spite of the appreciable difference in the polarizability between Na + and K + , as well as the difference in their contribution to the volume change. This insensitivity of the refractive index of the solution to the cation identity most probably reflects compensation between these two competing effects. It remains to be seen whether this observation has any generality beyond the salts and solvents studied here. Further experiments are clearly called for, both in order to test the applicability of the theory to other salt solution systems and in order to reveal new trends in the behavior of these systems. Finally, we note that the theoretical formula proposed here can be used in reverse to determine the salt concentration of known salt or the polarizabilities of new salt ions, both useful applications in analytical chemistry.
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